Subsequent to binding pocket modifications designed to provide dual D-Ala-D-Ala/D-Ala-D-Lac binding that directly overcome the molecular basis of vancomycin resistance, peripheral structural changes have been explored to improve antimicrobial potency and provide additional synergistic mechanisms of action. A C-terminal peripheral modification, introducing a quaternary ammonium salt, is reported and was found to provide a binding pocket-modified vancomycin analog with a second mechanism of action that is independent of D-Ala-D-Ala/D-Ala-D-Lac binding. This modification, which induces cell wall permeability and is complementary to the glycopeptide inhibition of cell wall synthesis, was found to provide improvements in antimicrobial potency (200-fold) against vancomycin-resistant Enterococci (VRE). Furthermore, it is shown that this type of C-terminal modification may be combined with a second peripheral (4-chlorobiphenyl)methyl (CBP) addition to the vancomycin disaccharide to provide even more potent antimicrobial agents [VRE minimum inhibitory concentration (MIC) = 0.01-0.005 μg/mL] with activity that can be attributed to three independent and synergistic mechanisms of action, only one of which requires D-Ala-D-Ala/D-Ala-D-Lac binding. Finally, it is shown that such peripherally and binding pocketmodified vancomycin analogs display little propensity for acquired resistance by VRE and that their durability against such challenges as well as their antimicrobial potency follow now predictable trends (three > two > one mechanisms of action). Such antibiotics are expected to display durable antimicrobial activity not prone to rapidly acquired clinical resistance.
vancomycin | antibiotics | resistant bacterial infections R ecent years have seen a welcomed refocus on the need for new antibiotics to address the persistent threat of bacterial resistance (1) (2) (3) . A number of actions have been advanced to address the challenges posed by bacterial resistance now emerging faster than new treatment options. These actions include providing new financial incentives to counter the declining economic interests in developing new antibiotics (4), revamping regulatory criteria for new drug approvals (5) , improving the rate of diagnostic characterization of infecting organisms, enhancing nationwide resistance surveillance, encouraging work targeting mechanisms of resistance, and identifying new therapeutic targets for antibiotic discovery (6, 7) . The suggested actions also champion antibiotic stewardship (8) . Although sounding attractive, the effort to restrict antibiotic use seems counter to their importance, introduces guilt into even their most legitimate of uses, challenges the prevailing practices of initial empirical best guess therapy and prophylaxis deployment, and produces additional disincentives to antibiotic development. Although such initiatives highlight the pressing need for renewed antibiotic discovery and the fundamental importance of antibiotics in modern medicine (9) , it has done little to define new approaches that directly address the underlying problem of evolutionarily driven and acquired resistance. The mechanisms of resistance are ancient and increasingly accumulating in pathogenic bacteria, which have now assimilated large elements of this bacterial resistome (10, 11 ). An additional and perhaps even more important question to ask is if new antibiotics can now be designed that overcome the forces of evolution and selection responsible for bacterial resistance, that are less prone or even impervious to resistance development, that avoid many of the common mechanisms of resistance, and that are more durable than ever before. As an alternative to championing the restricted use of antibiotics or conceding that bacteria will always outsmart us, can durable antibiotics be developed that are capable of continued or even more widespread use? Herein, we describe one such effort to create durable antibiotics by deliberate design that may directly counter such evolutionary forces. We identified the glycopeptide antibiotics as an antibiotic class already endowed with features that avoid many mechanisms of resistance. After introduction of designed structural changes that directly overcome the molecular basis of their only prevalent mechanism of resistance, we have explored the incorporation of peripheral structural modifications in the molecules that provide them with additional and now multiple synergistic mechanisms of action, thereby not only increasing their potency but also, creating prototype durable antibiotics.
In recent disclosures, we have discussed attributes of the glycopeptide antibiotics (12, 13) that have contributed to their sustained effectiveness in the clinic (14) . Vancomycin (15) , teicoplanin (16) , and three recently approved semisynthetic derivatives, oritavancin (17) , dalbavancin (18) , and telavancin (19) , are widely used to treat refractory bacterial infections, including methicillin-resistant Staphylococcus aureus (MRSA) (20) . Vancomycin (1) (Fig. 1 ) (21) was disclosed in 1956 (15) and introduced into the clinic in 1958. After nearly 60 y of clinical use and even with the past use of glycopeptide antibiotics for agricultural livestock (avoparcin), resistant pathogens have only slowly emerged, and vancomycin remains an integral and
Significance
In a quest for antibiotics that may display durable clinical lifetimes, analogs of the glycopeptide antibiotics, including vancomycin, have been designed that not only directly overcome the molecular basis of existing vancomycin resistance but also contain two added peripheral modifications that endow them with two additional independent mechanisms of actions not found in the parent antibiotics. It is shown that such peripherally and binding pocket-modified vancomycin analogs display little propensity for acquired resistance by vancomycin-resistant Enterococci and that both their antimicrobial potency and durability against such challenges follow trends (three > two > one mechanisms of action) that are now predictable. (23) . Treatment options for the latter are limited and presently include antibiotics known to rapidly evoke resistance (24, 25) . As a result, these latter antibiotics have been designated as reserve antibiotics to be deployed sparingly to preserve their effectiveness as drugs of last resort against intractable infections. Just as significantly, some VRE organisms, like MRSA, have also reached a stage where they are now resistant to most other common antibiotic classes (26) . As a result and because they are already vancomycin-resistant, the CDC has now placed VRE on its serious threat list (27) . Most recently, the WHO has released, for the first time, a list of drug-resistant bacteria that pose the greatest threat to human health for which new antibiotics are desperately needed. Both VRE (fourth) and VRSA (fifth) appear on this ranked list (28) .
The primary biological target for vancomycin and the glycopeptide antibiotics is bacterial cell wall precursors containing D-Ala-D-Ala, binding to which results in inhibition of cell wall maturation (29) . This target is unique to bacteria and contributes to the selectivity of the antibiotic class for bacteria vs. their mammalian hosts. It is also an atypical biological target, being a substrate for an enzymatic reaction and a precursor to a structural component of the bacterial cell wall. It is not a protein or nucleic acid target subject to changes by a single genetic mutation that can result in resistance. The primary mechanism of action of vancomycin involves sequestration of this substrate (D-Ala-D-Ala) for a late-stage enzyme-catalyzed (transpeptidase) reaction used for cell wall cross-linking (13) . Thus, the nature of the target (D-Ala-D-Ala) and the antibiotic mechanism of action (sequestration of an enzyme substrate) are difficult for the organism to overcome by a single genetic alteration. Vancomycin is also thought to inhibit the preceding step in the cell wall biosynthesis, the transglycosylasecatalyzed incorporation of lipid intermediate II into the polysaccharide backbone of the bacterial cell wall. In the case of vancomycin, this inhibition also requires D-Ala-D-Ala binding (30) (31) (32) (33) . However, it is not yet clear whether this occurs through direct binding of the vancomycin disaccharide to the enzyme active site, because cell wall binding contributes to its localization, or whether this occurs by indirect enzyme inhibition. Because there may be two or more mechanisms of action, including those yet unknown or with a role that is not yet fully appreciated (34) , full bacterial resistance requires unlikely simultaneous changes that impact each. Further contributing to the durability of vancomycin is the site of action at the bacterial cell wall surface. Cell wall penetration or import is not needed, and this feature allows vancomycin to avoid the common resistance mechanisms mediated by expression levels of proteins involved in transport, efflux, and metabolic deactivation by cytosolic enzymes (35) . Finally, it has been suggested that there are genetic features that presently make the glycopeptide antibiotics less susceptible to vertical vs. horizontal gene transfer of resistance (36) . Regardless of the origins, it is most revealing that the primary mechanism of clinical resistance to vancomycin (VanA and VanB phenotypes) was transferred to pathogenic bacteria from nonpathogenic organisms that produce vancomycin and use this inducible resistance mechanism to protect themselves during vancomycin production (37) . Thus, pathogenic bacteria themselves have not yet evolved effective resistance mechanisms to the glycopeptide antibiotics, even after nearly 60 y of widespread use (38) . This latter observation has suggested to us that solutions to VanA and VanB resistance alone may provide antibiotics with durable clinical lifetimes.
It is an intricate mechanism of resistance in which synthesis of the bacterial cell wall precursors continues with installation of the pendant N-terminal D-Ala-D-Ala. Resistant bacteria, like the producer organisms, sense the presence of the antibiotic (39) . Through use of a two-component cell surface receptor sensing and intracellular signaling system, the organisms initiate a late-stage remodeling of their peptidoglycan termini from D-Ala-D-Ala to D-Ala-D-Lac to avoid the action of the antibiotic (40) . The binding affinity of vancomycin for the altered ligand is reduced 1,000-fold (41, 42) , resulting in a corresponding 1,000-fold loss in antimicrobial activity. In a series of studies, we reported the first vancomycin analogs that contain changes at a key single-atom site in its target binding pocket (residue 4 carbonyl O → S, NH, H 2 ), the latter two of which were designed to directly address this underlying molecular basis of resistance to vancomycin ( Fig. 1) (43) (44) (45) (46) (47) (48) (49) (50) . These rationally designed binding pocket modifications reinstated binding to the altered target D-Ala-D-Lac and maintained binding affinity for the unaltered target D-Ala-D-Ala. Such dual target binding compounds were found to reinstate antimicrobial activity against vancomycin-resistant organisms that inducibly or constitutively use D-Ala-D-Lac peptidoglycan precursors and remain active against vancomycin-sensitive bacteria. Moreover, the in vitro antimicrobial potencies of such compounds correlated directly with their absolute dual binding affinities for model target ligands.
We subsequently found that peripheral functionalization of the binding pocket modified vancomycin analogs, introducing the oritavancin (4-chlorobiphenyl)methyl (CBP) group to the pendant disaccharide and known to enhance antimicrobial potency (17) , producing more potent antibiotics (Fig. 2) (47, 48) . These analogs exhibited a remarkable spectrum of antimicrobial activity [vancomycin-sensitive S. aureus (VSSA), MRSA, and VanA and VanB VRE] with further improved (ca. 100-fold) and impressive potencies against both vancomycin-sensitive and -resistant bacteria [minimum inhibitory concentration (MICs) = 0.06-0.005 and 0.5-0.06 μg/mL for 7 and 8, respectively]. With the benefit of the examination of the residue 4 thioamide 6, which is incapable of binding either D-Ala-D-Ala or D-Ala-D-Lac (MICs = 2-4 μg/mL), we were able to infer that the activity of such CBPmodified analogs is derived from two synergistic mechanisms of Herein and along with studies that further clarify this second mechanism of action, an alternative peripheral modification that endows the pocket-modified vancomycin analogs with another different second mechanism of action is reported. This modification also provides similarly impressive improvements in antimicrobial potencies against vancomycin-resistant bacteria (VRE). Furthermore, we show that the two peripheral modifications may be combined with the pocket-modified vancomycins to provide even more potent antimicrobial agents with activity that can be attributed to three independent and synergistic mechanisms of action, only one of which requires D-Ala-D-Ala/D-Ala-D-Lac binding. Finally, it is shown that such peripherally and binding pocket-modified vancomycins display little propensity for acquired resistance through serial exposure of VRE and that their durability against such challenges as well as their potency follow trends (three > two > one mechanisms of action) that are shown now to be predictable. Such antibiotics are expected to display even more durable antimicrobial activity than vancomycin or its semisynthetic analogs.
Results and Discussion
These studies were conducted with the methylene pocket-
]vancomycin) (48) , presently the most readily available of our synthetic analogs prepared by total synthesis (50) . Because it also exhibits the more modest dual D-Ala-D-Ala/D-Ala-D-Lac binding affinity and antimicrobial activity against vancomycin-resistant organisms of the two pocket-modified vancomycin analogs (4 vs. 3) (Fig. 1) , the impact of alternative or multiple peripheral modifications was anticipated to be most easily quantitated. The alternative peripheral modification examined was C-terminal amide functionalization with incorporation of either a basic amine capable of protonation or a quaternary ammonium salt. Such modifications have been shown to provide improved antimicrobial activity against vancomycin-resistant organisms and were found to act by disrupting bacterial cell wall membrane integrity, increasing cell permeability, and inducing membrane depolarization (51) . Although inspired by the nonselective membrane disruption induced by quaternary ammonium salts, the studies herein provide one such modification that exhibits only a subset of such effects (membrane permeability) and acts by a more specific mechanism not resulting in cell lysis. It is a behavior not observed with the naturally occurring glycopeptide antibiotics or their more typical analogs, but the mechanism is one that may contribute to the activity of the semisynthetic drugs dalbavancin and telavancin (52) . In vancomycin-resistant organisms, such modifications do not directly contribute to inhibition of cell wall biosynthesis, do not improve D-Ala-D-Lac binding needed to express such effects, and act independent of mechanisms derived from transpeptidase or transglycosylase inhibition.
A select series of such vancomycin analogs was first prepared, including 10 and 11 not previously examined. For simplicity, they are referred to as C0 (9) (51), C1 (10), cyclic C5 (11), and C14 (12) (51), denoting the terminal tertiary dimethylamine (9; C0) or the quaternary ammonium salts bearing a methyl (10; C1), C5 cyclic Antimicrobial Activity, MIC a ( g/mL) (11; C5), or tetradecyl (12; C14) substituent (Fig. 3) . Based on their activity in antimicrobial assays against VanA VRE, the most potent C-terminal modification found in 12 (C14) was incorporated into the analogous C14 derivative 13 of the pocket-modified vancomycin analog 4. This modification was accomplished in a single step from the fully functionalized vancomycin 1 or 4 without need for intermediate protection by coupling the C-terminal carboxylic acid with the corresponding functionalized amines under conditions modified from those previously described (53) . These C-terminal changes had a progressively pronounced impact on activity against the VanA vancomycin-resistant organisms (VanA VRE), where the quaternary ammonium salts incrementally increased activity up to 100-fold (12 ≥ 11 > 10 > 9, 1) (Fig. 3) . Notably, all of the quaternary ammonium salts (C1, cyclic C5, and C14) improved activity. For the pocket-modified vancomycin analog, the most potent of these modifications produced a 200-fold increase in potency against VanA VRE, reducing the MIC value from the modest activity of 31 μg/mL for 4 to 0.16 μg/mL for 13. This compound is >10-fold more potent than its comparison vancomycin derivative 12 and >1,000-fold more potent than vancomycin itself. Thus, an additional second peripheral modification of a pocket-modified vancomycin analog substantially increased antimicrobial activity against the most stringent of the vancomycin-resistant phenotypes (VanA VRE). As shown below, this improvement arises through an independent second mechanism of action involving induced membrane permeability. This second synergistic mechanism of action incorporated into 4 is different from that observed with the peripheral CBP modification found in 8.
More significantly, the impact of combining the two different peripheral modifications was examined. This combination was explored first with CBP-vancomycin (5), coupling its C-terminal carboxylic acid with the same series of functionalized amines that contain the tertiary dimethylamine (14; C0) or C1 (15), cyclic C5 (16), and C14 (17) quaternary ammonium salts (Fig. 4) . Based on their assessment in VanA VRE antimicrobial assays, the most effective C-terminal modification found in 15 (C1) was incorporated into the analogous C1 derivative 18 of the pocket-modified CBPvancomycin analog 8. Notably, their preparation also required a single-amide bond coupling reaction and was conducted without the need for protected intermediates. This second peripheral modification of CBP-vancomycin did not display the same trends observed with vancomycin itself, with most not altering the antimicrobial activity of CBP-vancomycin against VanA VRE (Fig. 4) . The exception was 15, containing the C1 quaternary ammonium salt, which alone displayed a 10-fold increase in activity against VanA VRE, exhibiting exceptional activity for a compound incapable of binding D-Ala-D-Lac. In fact, it represents a compound devoid of the original glycopeptide antibiotic mechanism of action in the resistant organisms but possesses two other effective mechanisms of action independent of D-Ala-D-Ala/D-Ala-D-Lac binding. The impact of these modifications improved the activity beyond what either does alone and as shown below, results from inhibition of bacterial cell wall biosynthesis by direct transglycosylase inhibition caused by the CBP modification and through induced membrane permeability by the C1 quaternary ammonium salt. Although unanticipated, the most effective C-terminal modification is now C1 for the CBP derivatives. Subsequent studies show clearly that it alone imparts membrane permeability not found with derivatives lacking this particular C-terminal modification. For the pocket-modified CBP-vancomycin analog capable of dual D-Ala-DAla/D-Ala-D-Lac binding, this second additional peripheral modification with 18 produced a >10-fold increase in potency against VanA VRE relative to 8, lowering the MIC value for 18 to 0.01-0.005 μg/mL (Fig. 4) . This vancomycin analog is >10-fold more potent than the CBP derivative 8, >1,000-fold more potent than the pocket analog 4, and a stunning >10,000-fold more potent than vancomycin itself. It is also >25-to 100-fold more potent than its comparison C1/CBP-vancomycin derivative 15 and >250-fold more active than either CBP-vancomycin (5) or C14-vancomycin (12) .
To clarify the contributing mechanisms responsible for the antimicrobial activity in vancomycin-resistant organisms (VanA VRE), the key analogs were examined in a range of assays, two of which defined the origin of their effects. One assay was used to establish inhibition of bacterial cell wall synthesis, and the second measured induced membrane permeability. The inhibition of bacterial cell wall synthesis was established in an assay that quantitates the accumulation of the peptidoglycan precursor UDP-N-acetylmuramyl-depsipentapeptide (UDPMurNAc-pp; 19) resulting from inhibited cell wall incorporation after antibiotic treatment. This assessment was accomplished by following a protocol that uses vancomycin-resistant Enterococcus faecium with tetracycline pretreatment (30 min at 37°C) (30) . This procedure was reduced in scale and modified to enlist reverse-phase HPLC separation, UV detection, and calibration curve determination of the amount of isolated 19, permitting use with limited sample sizes (Fig. 5) . A larger-scale isolation and full characterization of 19 (SI Appendix) provided the material needed to establish a linear calibration curve (SI Appendix). The test compounds were incubated with tetracycline-pretreated VanA VRE for 30 min (37°C) before the cultured bacteria were collected by centrifugation, washed, and resuspended in pH 7.2 buffer (5 mM Hepes:5 mM glucose; 1:1). The bacterial suspension was heated at 100°C for 15 min to release cytosolic 19. The entire supernatant was analyzed by semipreparative reverse-phase HPLC with a single injection, and the amount of 19 was quantitated with use of the calibration curve. The results of the evaluation of 5-18 in VanA vancomycin-resistant Enterococcus faecalis (BM 4166) and E. faecium (ATCC BAA-2317) are presented in Fig. 6 and represent the same strains used in the antimicrobial assays.
The effect of the compounds on cell membrane permeability was examined by measuring cytoplasmic membrane uptake of the fluorescent probe propidium iodide in the same VanA vancomycin-resistant E. faecalis (BM 4166) (SI Appendix, Fig. S1 ) and E. faecium (ATCC BAA-2317) strains. This fluorescent probe only enters cells with permeabilized cell membranes and is detected by the emission of fluorescence on intracellular nucleic acid binding (54) . Fresh midlog-phase VanA VRE in pH 7.2 buffer at 25°C was preincubated with propidium iodide (10 μM) for 5 min before the test compounds were added and monitored for the fluorescence emission at 617 nm (excitation at 535 nm) over time, both before (5 min) and after (15 min) compound addition. Rapid and sustained increases in fluorescence intensity are observed immediately on addition of test compounds that induce bacterial cell membrane permeability.
Assessments of the compounds, identifying their contributing mechanisms of action in vancomycin-resistant VRE, were conducted with the two assays. The results are discussed below in sets defining first the role of the pocket modification found in 4 and then, the subsequent impact of the peripheral CBP modification to the vancomycin disaccharide found in 5-8. This summary is followed by the discussion of the results from the examination of the peripheral quaternary ammonium salt modifications found in 9-13, including their effects on both unmodified and pocketmodified vancomycin analogs. Finally, the effects of the two combined peripheral modifications in 14-18 are detailed.
Consistent with its inactivity and like the thioamide 2, vancomycin (1) does not effectively inhibit bacterial cell wall synthesis in VanA VRE and does not result in the significant accumulation of 19 in the assay (Fig. 6) . In contrast, the pocket-modified analog 4 designed for dual D-Ala-D-Ala/D-Ala-D-Lac binding inhibits bacterial cell wall biosynthesis, resulting in the buildup of the precursor 19 in the assay at levels consistent with its relative model ligand binding affinities and antimicrobial activity. As anticipated, none of these compounds significantly impact membrane integrity, and none result in cytoplasmic membrane permeability as measured by propidium uptake (SI Appendix, (Fig. 6 ). Neither compound impact membrane permeability (SI Appendix, Fig. S2 ). Compounds 5 and 6 exhibit nearly equivalent antimicrobial activity against VanA VRE, and both inhibit cell wall biosynthesis to a similar extent, but 6 is incapable of binding either D-Ala-D-Ala or D-Ala-D-Lac. Thus, this inhibition of bacterial cell wall synthesis is not derived from inhibition of transpeptidase-catalyzed cross-linking derived from D-Ala-D-Ala/D-Ala-D-Lac binding but rather, likely arises from direct inhibition of transglycosylase by the peripherally modified disaccharide. Previous studies of Kahne and coworkers (32, 33) and others (30, 31, 55) have shown such direct inhibition of transglycosylase by 5 and related CBP-bearing analogs. Finally, the potent pocket-modified vancomycin analog 8, containing the peripheral CBP modification, inhibits cell wall synthesis more effectively than 4, lacking the CBP modification and more potently than either 5 or 6, lacking a productive pocket modification. This behavior is the result of the combined effects of the two independent mechanisms of action, both of which impact cell wall biosynthesis but only one of which depends on D The examination of the analogs that contain the peripheral C-terminal amides with quaternary ammonium salt modifications (9-13) was similarly revealing and clear. Despite the progressive increase in antimicrobial activity observed against VanA VRE with 9-12, little or no change in their ability to inhibit bacterial cell wall synthesis was observed, and they remained, like vancomycin itself, essentially inactive in this assay (Fig. 6) . By contrast, the two vancomycin derivatives 11 and 12 that were active against VanA VRE produced pronounced, rapid cell membrane permeability immediately on their addition, whereas the inactive (9) and less active (10) variants did not when examined at 10 μM (Fig. 7) . The less active compound 10 exhibited this induced permeability when examined at a higher concentration (100 μM) (SI Appendix, Fig. S3) . Here, the antimicrobial activity against VanA VRE can be attributed to a mechanism independent of cell wall biosynthesis and independent of D-Ala-D-Ala/D-Ala-D-Lac binding. The antimicrobial activity correlates with disruption of the cell wall integrity as measured by its increased permeability. The incorporation of the most potent of these peripheral C-terminal modifications into the pocket-modified analog 4 with 13 (C14) further enhanced antimicrobial activity against VanA VRE 200-fold (Fig. 3) .
This modification did not improve, diminish, or alter the inhibition of cell wall biosynthesis, where 4 and 13 were found to be equally active (Fig. 6) . However, it did provide an analog that, unlike 4, produced pronounced cell membrane permeability immediately on addition (Fig. 7) . Thus, compound 13 represents a pocket-modified vancomycin analog that displays potent and further improved activity against VanA VRE derived from two independent and synergic mechanisms of action. One mechanism relies on the dual D-Ala-D-Ala/D-Ala-D-Lac binding like 4 and results in effective cell wall synthesis inhibition. The second mechanism is independent of this ligand binding property and derived from induced cell wall permeability. The two combined vancomycin modifications and the accompanying two synergistic mechanisms of action provide a vancomycin analog >1,000-fold more active than vancomycin against the most stringent vancomycinresistant organisms, VanA VRE, displaying superb in vitro MICs (0.16 μg/mL). It represents now the second such example, complementing the observations made with 8 but with a different second mechanism of action introduced by a second alternative peripheral modification and generalizing the opportunities provided by such design principles.
The results of the examination of the analogs that incorporate the two peripheral modifications (14-17) and their combination with the pocket-modified vancomycin analog in 18 were even more revealing. In addition to showing that this may be successfully achieved, they highlight that it is not necessarily the most effective individual variants of the two peripheral modifications that combine to produce the desired effects but rather, that it is a combination that allows expression of the two independent mechanisms. As expected based on the CBP modification, 14-17 inhibit VanA VRE bacterial cell wall synthesis, and their relative activities are reflected in their functional activity in the antimicrobial assays (Fig. 6) . The C14 and cyclic C5 quaternary ammonium salts actually diminish the inhibition of cell wall synthesis relative to CBP-vancomycin itself, and C0 was equally active, whereas C1 may have improved activity slightly (activity: 15 > 14 = 5 > 16 and 17). Even more revealing, their examination in the cell wall permeability assay indicates that only C1 combined with the CBP modification induced a pronounced, rapid, and potent cell membrane permeability (Fig. 8) . By contrast, the combination of the peripheral CBP modification with the C14 and C5 quaternary ammonium salts was not productive, providing compounds that fail to express the activity. Compound 18, which incorporates the redesigned pocket modification for dual D-Ala-D-Ala/D-Ala-D-Lac binding (blocks cell wall synthesis by ligand binding, including inhibition of transpeptidase-catalyzed cross-linking), the CBP disaccharide modification (blocks cell wall synthesis by direct transglycosylase inhibition without D-Ala-D-Ala/ D-Ala-D-Lac binding), and the C1 quaternary ammonium salt C-terminal modification (induces membrane permeability), exhibited the most potent inhibition of cell wall synthesis in the assay of all compounds assessed (Fig. 6) as well as the most pronounced and potent induced cell membrane permeability of all compounds examined (Fig. 8) . This behavior indicates that all three mechanisms of action are productively contributing to the expression of the antimicrobial activity of 18 against VanA VRE, resulting in its potent VanA VRE antimicrobial activity (MIC = 0.01-0.005 μg/mL). This compound represents an analog of vancomycin deliberately designed to overcome vancomycin resistance, which incorporates three structural modifications that impart three independent mechanisms of action. Only one mechanism depends on reengineered dual D-Ala-D-Ala/D-Ala-D-Lac ligand binding, and each of three mechanisms contributes to the expression of the antimicrobial activity.
These latter comparisons provided a direct correlation of the results of the permeability assay with the functional expression of antimicrobial activity where only C1 effectively expresses the functional behaviors. For us, this observation provided compelling evidence that the assay is an accurate readout of the correlated functional behaviors and that the underlying mechanistic interpretation of induced cell permeability is similarly accurate. In addition, it is remarkable that this effect is specific for C1 when combined with the CBP modification, suggesting that the mechanism responsible for induction of membrane permeability may involve specific interactions within the bacterial cell wall.
The results are summarized in Fig. 9 for the key analogs alongside their antimicrobial activity. Within this series, CBPvancomycin (5) is representative of the potency and characteristics of the clinically approved semisynthetic vancomycin analogs. For VanA VRE, the progression through the series from 1 to 4 to 8 or 13 and finally, to 18 represents vancomycin analogs with zero (1), one (4), two (8 and 13), and three (18) distinct and synergistic mechanisms of action that progressively provide increasingly potent antibacterial activity. This progressive improvement culminates in 18 (MICs = 0.005-0.01 μg/mL), with activity 25,000-to 50,000-fold more potent than vancomycin against VanA VRE. Notably, compound 18 is also 250-to 500-fold more potent than CBP-vancomycin (5), which is representative of the semisynthetic vancomycin analogs presently used in the clinic. Of special note, each structural modification and mechanism of action independently expresses its functional activity at the level of 2-30 μg/mL (1−15 μM) in both the antimicrobial and mechanistic assays, but each provides synergistic improvements in the functional antimicrobial activity when combined.
The discussion above focused on the identification of the contributing mechanisms of action and the demonstration that each independently improves antimicrobial activity potency. However, an additional and even more important feature of the expression of multiple independent mechanisms of action is its impact on the rate at which bacterial resistance may emerge. As a result, CBP-vancomycin (5; one mechanism of action), the peripherally C14-modified vancomycin analog (12; one mechanism of action), the peripherally CBP-modified pocket analog 8 (two mechanisms of action), the peripherally C14-modified pocket analog 13 (two mechanisms of action), and the pocket analog 18 that contains the two complementary peripheral C1 and CBP modifications (three mechanisms of action) were examined for their susceptibility to acquired resistance on sublethal (0.5× MIC) serial exposure to the same two VRE bacterial strains, monitoring MICs daily (Fig. 10) . Distinct from most related studies enlisting MRSA or other vancomycin-sensitive bacterial strains, this study was conducted with the most stringent (VanA vs. VanB) vancomycin-resistant strains for which the mechanism of action associated with D-Ala-D-Ala binding is no longer effective. Consequently, it is not counted among the number of effective mechanisms of action imbedded in the compound structure. Notably, the antibiotic susceptibility profiles of the VanA VREs used herein indicate that they are resistant to a number of additional classes of antibiotics and on the verge of being classified as multidrug-resistant VRE, indicating that they have already assimilated a number of common resistance mechanisms (SI Appendix). Because the changes for 18 were so small throughout a typical 25-d study, the examination was extended to 50 d. These studies revealed that resistance to 5 and 12 emerged most rapidly and was pronounced (one mechanism). Changes in the potency of both 8 and 13 were much slower and more muted (two mechanisms; only two-to fourfold after 25 passages; 8 slower than 13). No change in susceptibility to 18 was observed after 25 d (three mechanisms), and little change in susceptibility to 18 was observed even after 50 daily passages (only two-to fourfold change in the MICs of 0.01 and 0.005 μg/mL in the two strains). Moreover, the magnitude of the changes in the MICs for the compounds acting by two or more mechanisms is sufficiently small to indicate that none experience a full loss of one of the contributing mechanisms. As such, each mechanism is rendered more robust when combined with structural modifications that provide one or two additional mechanisms of action. Thus, the durability of the antimicrobial activity in such challenges and the effectiveness of each individual mechanism of action as well as the compound potency were found to follow now predictable trends (three > two > one mechanisms of action). Most striking, resistance to daptomycin, linezolid, and tigecycline, each of which is now a frontline single-target antibiotic, arises much faster and is much more pronounced, highlighting the exceptional durability of the antimicrobial activity detailed for 8, 13, and especially 18. Finally, within the series examined, CBP-vancomycin (5) is representative of the expected behavior of the clinically approved semisynthetic vancomycin analogs.
The key compounds in the series were examined for in vitro toxicity that might result from the combined mechanisms of action, especially the introduction of structural modifications (quaternary ammonium salt) that might impact host as well as bacterial cell wall integrity. The compounds were examined for RBC hemolytic activity resulting from membrane lysis. No compound in the series, including 18, exhibited any hemolytic activity, even at concentrations >1,000-fold above their MICs (SI Appendix, Fig. S7 ). In addition, the mammalian cell toxicity of 5, 12, 13, 15, and 18 was established in cell growth inhibition assays against two mammalian cell lines, NIH/3T3 (ATCC CRL-1658; mouse embryonic fibroblast) and HepG2 (ATCC HB-8065; human liver cancer cell line). No growth inhibition (cytotoxic activity) was observed up to 100 μM, the highest dose tested. They were also found to be inactive (>100 μM; highest dose tested) against HCT116 (human colon cancer cell line). Finally, no correlation in activity with cLogP was found for the series of compounds studied, and none of the compounds (5, 12, 13, 15, 17 , and 18) exhibited aggregation, higher-order complex formation, or micelle formation at concentrations up to 100 μM in PBS buffer (25°C), indicating that such effects are not playing a role in the expression of the activity of the compounds. Compound 18 also failed to produce bacterial cell membrane depolarization in the same VanA vancomycin-resistant E. faecium (ATCC BAA-2317) as measured by fluorescence of a released membrane imbedded dye (DiSC 3 5,3,3′-dipropylthiadicarbocyanine iodide) (SI Appendix, Fig.  S4 ) (56) . Because the C1 introduction is such a small and seemingly benign structural modification and because it induces membrane permeability without membrane depolarization or cell wall lysis, it suggests a more specific mechanism of action. The mechanism by which 15 and 18 exert their effects on membrane permeability is currently under investigation.
Conclusions
Several programs have disclosed the development of antibiotic products that act by two mechanisms of action. These efforts have included the optimization of a single pharmacophore to independently bind two related targets (e.g., fluoroquinolones targeting both bacterial DNA gyrase and topoisomerase IV); the design of hybrids of two antimicrobial pharmacophores, including the covalent linkage of two antibiotics; the use of combinations of single-target antimicrobials to overcome or avoid resistance (e.g., combination drug treatment of multidrug-resistant TB); and the design of antibiotics that display additional drug target binding contacts to enhance the robustness of target engagement and decrease resistance susceptibility (57). Herein, we described a complementary approach, perhaps a subset of one of these approaches, to design durable antibiotics endowed with multiple synergistic mechanisms of action. This effort has provided prototype antibiotics with three independent mechanisms of action targeting VRE, for which vancomycin is ineffective. Because VRE is already vancomycin-resistant and because many have already reached a point where they are no longer susceptible to most other antibiotic classes, the CDC recently placed VRE on its serious threat list, and the WHO placed it fourth on its list of drugresistant bacteria that pose the greatest threat to human health. The glycopeptide antibiotics constitute an antibiotic class already endowed with features that avoid many mechanisms of resistance (14) . With an understanding of the molecular basis of bacterial resistance to the glycopeptide antibiotics, binding pocket modifications designed for dual ligand binding reinstated binding to the altered target D-Ala-D-Lac and maintained binding affinity for the unaltered target D-Ala-D-Ala. These modifications were found to reinstate antimicrobial activity against vancomycin-resistant organisms that use the altered D-Ala-D-Lac peptidoglycan precursor targets and remain active against vancomycin-sensitive bacteria that use only D-Ala-D-Ala precursors. There is reason to expect that these solutions to VanA and VanB VRE resistance alone may provide antibiotics with durable clinical lifetimes, perhaps approaching those of vancomycin itself (>50 y). Subsequent to these studies, we have explored the peripheral structural changes in the molecules that provide them with additional and now multiple synergistic mechanisms of action. Complementary to our initial disclosure with a carbohydrate CBP modification that produced a 100-fold increase in antimicrobial activity (48) , a second peripheral modification at the C terminus of the pocket-modified analogs was detailed herein that enhances antimicrobial activity (200-fold) against VanA VRE by another additional mechanism of action (induced membrane permeability). These two peripheral modifications and their synergistic mechanisms of action were then combined with the pocket modification to provide a vancomycin analog endowed with three independent mechanisms of action, only one of which is dependent on D-Ala-D-Ala/D-Ala-D-Lac binding. This combination not only further increased the antimicrobial potency against VanA VRE (>6,000-fold) but also, reduced the susceptibility to resistance. Thus, the durability of the antimicrobial activity in a resistance challenge and the robustness of each individual mechanism of action as well as the compound potency were shown to follow now predictable trends (three > two > one mechanisms of action). Most striking, resistance to the frontline antibiotics daptomycin, linezolid, and tigecycline, some of which are regarded as durable by today's standards, was found to arise much faster and more pronounced in the same resistance challenge, highlighting the exceptional durability of the antimicrobial activity detailed for 8, 13, and especially 18 (Fig. 11 ).
An important question that these results raise is presently what to do with conventional semisynthetic vancomycin analogs active against VanA VRE that incorporate a single peripheral modification and act by a single mechanism of action that is independent of D-Ala-D-Lac binding [e.g., CBP-vancomycin (5), oritavancin, and C14-vancomycin (12) ]. Should their use be encouraged for VRE but at the risk of raising resistance to this otherwise effective approach for other challenging bacterial infections (e.g., MRSA)? The answer would seem to be to encourage their use for challenging vancomycin-sensitive bacterial infections (e.g., VSSA and MRSA), where they are not only more potent than vancomycin but also benefit from two independent mechanisms of action. Clinical resistance or loss in sensitivity to either mechanism would likely be slow to emerge and slower than for vancomycin itself. However, their use against vancomycin-resistant bacteria (e.g., VRE and VRSA), where they are less potent and where only a single and less durable mechanism of action remains operative, likely would more rapidly raise resistance, not only compromising its future use but also, potentially transferring that resistance to other organisms (e.g., MRSA).
The approach used herein, which we suggest represents a case of durable antibiotic discovery by design, relied on the total synthesis of the candidate antibiotics (58) (59) (60) to obtain the previously inaccessible compounds. Although not highlighted in the preceding discussion, the total synthesis of the starting pocketmodified aglycon(s) (26 steps) (48) , enzymatic installation of the disaccharide (2 steps) (58) , and subsequent addition of the two peripheral modifications (2 steps) represent remarkable accomplishments in their own right. Finally, the work herein was conducted with the aminomethylene analog of vancomycin, in which the residue 4 amide carbonyl was removed. A more potent pocket-modified vancomycin analog is the residue 4 amidine (3 vs. 4), which exhibits antimicrobial activity against both vancomycin-resistant and -sensitive bacteria equipotent with the activity that vancomycin displays against vancomycinsensitive bacteria. Incorporation of such peripheral changes on 3 or 7, providing all three independent mechanisms of action, would be expected to further improve on the already stunning potency of 18 (ca. 30-fold) while displaying the outstanding durability of 18.
Materials and Methods
Synthesis of Vancomycin Analogs. Full details of the synthesis, purification, and characterization of all compounds reported herein, including copies of the 1 H NMR of all tested compounds, are provided in SI Appendix. All reagents were obtained from commercial sources unless noted otherwise.
Bacterial Cell Growth Inhibition Assays. Full details of the bacterial cell growth inhibition assays with vancomycin-resistant E. faecalis (VanA VRE; BM4166), E. faecium (VanA VRE; ATCC BAA-2317), and vancomycinresistant E. faecalis (VanB VRE; strain ATCC 51299) are provided in SI Appendix. Compounds were tested in duplicate (n = 2−18 times) at serially diluted concentrations, and the MIC values reported represent the average of 4−36 determinations.
Cell Wall Biosynthesis Inhibition Assay. Full details of the cell wall biosynthesis assay are provided in SI Appendix. Values reported in Fig. 6 are the average of four measurements (SD ± 10%).
Bacterial Cell Wall Permeability Assay. Full details of the permeability assay are provided in SI Appendix. Results shown in Figs. 7-9 are one of two to four replicate experiments, each performed at the same time.
Resistance Development Study. Full details of the study are provided in SI Appendix. Results shown in Fig. 10 are one of two replicate experiments. SI Appendix. Full experimental details and copies of 1 H NMR spectra are provided. The supplementary data associated with this article can be found in SI Appendix. Fig. 11 . Structure of 18, summary of activity, and mechanisms of action.
